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Summary

Long QT syndrome (LQTS) is a heterogeneous inherited
disorder causing syncope and sudden death from ven-
tricular arrhythmias. A first locus for this disorder was
mapped to chromosome 11p15.5. However, locus heter-
ogeneity has been demonstrated in several families, and
two other loci have recently been located on chromo-
somes 7q35-36 and 3p2l-24. We used linkage analysis
to map the locus in a 65-member family in which LQTS
was associated with more marked sinus bradycardia
than usual, leading to sinus node dysfunction. Linkage
to chromosome 11plS.5, 7q35-36, or 3p21-24 was ex-
cluded. Positive linkage was obtained for markers lo-
cated on chromosome 4q25-27. A maximal LOD score
of 7.05 was found for marker D4S402. The identifica-
tion of a fourth locus for LQTS confirms its genetic
heterogeneity. Locus 4q25-27 is associated with a pecu-
liar phenotype within the LQTS entity.

Introduction

Idiopathic long QT syndrome (LQTS) is a clinically het-
erogeneous congenital disease characterized by a pro-
longed QT interval inducing syncope and risk of sudden
death, particularly in association with emotional or
physical stress. These stress-induced syncopal episodes
are due to a peculiar form of ventricular tachyarrhyth-
mia known as torsades de pointes (Moss et al. 1991).
In most cases (Romano-Ward syndrome), it is inherited
as an autosomal dominant trait. The phenotype is char-
acterized by an obvious prolongation of the QT interval
on the electrocardiogram, which shows a value >440
msec when corrected to heart rate (QTc) by Bazett's
formula (1920). However, repolarization abnormalities
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may vary from one electrocardiographic (ECG) re-
cording to another, and there is a large phenotypic spec-
trum in which delayed repolarization can be less
marked. The T-wave morphology is often unusual,
showing several different features (bifid or notched T
waves, a prominent U wave, etc.) (Moss and Robinson
1992). Several other factors, such as a clinical history
of stress-induced or emotional syncope, torsades de
pointes, a family history of unexplained sudden death,
and low heart rate for age are among the diagnostic
criteria for LQTS. All these factors have been included
in a scoring proposal (Schwartz et al. 1993) to evaluate
the probability of LQTS.

Ventricular repolarization is a complex phenome-
non resulting from the activation of several currents.
Changes in one of these currents may lengthen or
shorten repolarization. An increase in inward currents
or a decrease in outward currents can prolong cellular
repolarization, leading to an LQT phenotype. Such
modifications could result from alterations of ionic
channels as well as regulatory proteins or receptors, in
which case idiopathic LQTS would show great genetic
heterogeneity. A first locus was mapped to chromo-
some 11plS.5 (Keating et al. 1991a, 1991b), but sev-
eral families have not shown linkage to this locus
(Towbin et al. 1992, 1994; Benhorin et al. 1993; Cur-
ran et al. 1993; Dean et al. 1993; Pascal et al. 1993;
Satler et al. 1992; Taggart et al. 1993). Two other
genes for LQTS have been mapped to chromosomes
7q35-36 and 3p2l-24 (Jiang et al. 1994). These three
loci have been designated, respectively, as LQT1,
LQT2, and LQT3. The genes of LQT2 and LQT3 have
recently been identified. Curran et al. (1995) found
mutations in the human ether-a-go-go related gene
(HERG), which encodes the major subunit for the
Ikr channel (Sanguinetti et al. 1995), responsible for
LQT2, and Wang et al. (1995) found mutations in a
sodium channel SCN5A responsible for LQT3. How-
ever, some families are not linked to any of these loci,
which would indicate the existence of at least a fourth
chromosomal locus for LQTS. We report a new local-
ization for a gene implicated in a peculiar form of
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Pedigree and haplotypes of family S affected by LQTS. The markers shown are presented in the upper rigth part of the figure

LQTS in which repolarization abnormalities are asso-

ciated with severe sinus node bradycardia.

Material and Methods

Phenotypic Analysis of the Family
The four-generation family (family S) described here

(fig. 1) includes 65 members, 56 of whom are still alive.
Two sudden deaths occurred in this family, the first in
a 12-year-old patient after exercise at the top of a dune
he had just climbed and the second in an 18-year-old
boy on being awakened. The family was referred to us

after the second death, and ventricular repolarization
abnormalities were identified, leading us to suspect a

LQTS.
Two methods were used to characterize the status

of family members with respect to LQTS. First, the
patients were classified according to the algorithm
proposed by Schwartz et al. (1993) (table 1). How-
ever, as this algorithm may have limitations, we also
applied a more conservative QTc approach based on

a method used by Keating et al. (1991a, 1991b). In
that case, the diagnosis of LQT was made on the basis
of a QTc ±0.45 s in an individual with symptoms or

a QTc ±0.47 s in the absence of symptoms. Disease
status was classified as unknown when the QTc was

between 0.42 and 0.46 s in asymptomatic patients.
ECG parameters were measured on a 12-lead ECG
performed at rest.

Based on the algorithm proposed by Schwartz et al.
(1993), 21 members (all with uncommon repolarization
abnormalities) had high probability scores for LQTS.

The conservative approach diagnosed 19 as LQT and 2
as uncertain.

Ventricular repolarization abnormalities were pres-
ent in 21 of 56 family members (fig. 2). Incorrect QT
rate adaptation (QTc interval longer than 0.44 s as

calculated by Bazett's formula) was identified by serial
ECG. In affected patients, QTc was 0.49 ± 0.03 s

(mean ± SD), and its prolongation was particularly
marked during recovery from exercise when maximal
QTc was 0.59 ± 0.08 s (n=15). In 35 of 56 patients,
repolarization was normal and mean QTc was 0.38
± 0.03 s, with normal adaptation during an exercise
stress test and recovery.

The phenotype of this family differed from that com-
mon to idiopathic LQTS, since sinus node bradycardia
was more severe than usual, atrial fibrillation occurred,
and T-wave morphology was uncommon. In all 21
cases, the resting sinus rate was often (though inconsis-
tently) slower than 50 beats per minute (bpm). However,
bradycardia was rarely slower than 40 bpm. For each
individual, normal sinus rhythm could alternate with
sinus bradycardia or junction escape rhythm. Paroxys-
mal atrial fibrillation occurred in 12 patients. During
the maximal exercise stress test, sinus rate rarely ex-

ceeded 130 bpm. Because of severe bradycardia during
U-blocking therapy, nine affected patients were equipped
with a rate-responsive atrial pacemaker. A major finding
for the diagnosis of LQTS was that all these patients
showed persistent LQT (fig. 3) despite normalization of
their atrial rate. Although T-wave morphology could
sometimes resemble the type 3 or 4 form (fig. 2) de-
scribed by Moss and Robinson (1992), it was often very
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Figure 2 ECGs of a member of family S affected by the disease. ECG recorded at rest, with the patient lying down (A) or sitting on a
bicycle (B). A, Sinus rhythm of 57 bpm, and repolarization was characterized by a sinusoidal TU wave well-defined in DII and DIII (QTc
= 0.45 s, QTUc = 0.65 s). B, ECG showing a sequence of ventricular arrhythmias. Ventricular premature beats (beats 2, 4, 8) occurred at the
end of the T wave. The repolarization of the following beat (arrow) was markedly modified with the occurrence of a bifid T wave.

uncommon and characterized by polyphasic features
(fig. 3) not described elsewhere.

Determination of the Genotype
After informed consent was obtained, genomic DNA

was extracted from blood samples, as described else-
where (Grunenbaum et al. 1984). All genotyping was
performed in 96-well plates on a Techne PHC3 thermal
cycler in a final volume of 20 pl, as described elsewhere
(James et al. 1994). Amplifications were carried out us-
ing the hot-start procedure. Conditions were 960C for
4 min, followed by 35 cycles at 940C for 30 s, 550C for
30 s, and 720C for 10 s. After checking amplification
products in agarose gels, 6 jI of each sample were loaded
onto a 6% denaturing polyacrylamide gel in 1 x TBE
buffer. A multiplexing strategy was adopted to reduce
the number of gels; that is, several systems revealing
different allele sizes were analyzed in the same gel. After
capillary transfer to a positively charged nylon mem-
brane (Pall Biodyne B), hybridization was performed
using radiolabeled CA oligonucleotides or radiolabeled
primers, depending on the multiplexing type.

Linkage Analsis
Linkage analysis was performed using the Linkage

V5.2 program (Lathrop and Lalouel 1984) on a 5000/25
DEC station. On the basis of estimates derived elsewhere
(Keating et al. 1991a), penetrance was set to .90, disease
frequency was assumed to be .001, and female and male

recombination equivalent. To avoid bias, all polymor-
phisms were scored without knowledge of phenotypic
data.

Results

Exclusion of LQTI, LQT2, and LQT3 Loci
Family S was examined using Hras-1 clone pEJ6.6

(Lidereau et al. 1986), insulin locus (Egland et al. 1987)
at 4% recombination from Hras-1 (Leppert et al. 1987),
and anonymous markers (D11S899, D11S1338,
D11S907, and CEB41) located on chromosome
11pl5.5, as well as D7S483, D3S1766, and D3S1768
(Jiang et al. 1994). Negative LOD scores were obtained
for all these markers, clearly indicating exclusion of link-
age to LQT1, LQT2 and LQT3 (results not shown).

Linkage of the Disease to Chromosome 4
We selected 208 microsatellite markers located every

20 cM and having a reported high heterozygosity rate
(Weissenbach et al. 1992). No significant linkage was
obtained for 139 markers, leading to the exclusion of
-67% of the genome.

Positive results were obtained for markers located on
chromosome 4q25-27. Table 2 shows that maximum
LOD scores at 0 = 0 were obtained for markers D4S193
(Zmax = 6.67), D4S406 (Zmax = 6.60), D4S402 (Zmax
= 7.05), D4S430 (Zmax = 4.89), and D4S1615 (Zmax
= 4.32). Haplotype analysis showed a recombination
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Figure 3 A, Electrocardiogram of an affected patient equipped with a rate-responsive atrial pacemaker. Despite normalization of atrial
rhythm (70 bpm), repolarization remained prolonged (QTUc= 0.69 s) and abnormal. B, In the same patient, at rest, the pacemaker was
programmed to different atrial rates from 51 (spontaneous atrial rate 1) to 60 (2) and 80 (3) bpm. Only leads V4-V6 are shown. The QTUc
remained prolonged (0.69 s) at the different atrial rates.

event for D4S430 despite a maximum LOD score at 0%
recombination (fig. 1). As probands III-19, III-20, and
IV-33 had the same alleles 1 and 7, the maternal origin
for proband IV-33 was impossible to assess. D4S1571
and D4S1564 were poorly informative. D4S1570
showed a recombination for proband IV-30. Thus, the
candidate area was bordered by D4S1570 on the centro-
meric side and by D4S430 on the telomeric side, cov-
ering 18 cM (fig. 4).

Multipoint Data Analysis
Four-point lod scores between the disease and two sets

of three markers have been computed with the program
Linkmap from the Fastlink package (Cottingham et al.
1993; Schaffer et al. 1994). Computations have been
done on a Sparc Server 1000 at the Infobiogen Comput-
ing Center. Results are in accordance with two-point
lod scores (table 3). The lack of recombinants has pre-
vented a more precise mapping of the disease.

Discussion

Although a single gene is often affected in genetic
diseases, different genes may be involved in the same

disease. This is the case for hypertrophic cardiomyopa-
thy, in which four or more genes are implicated (Solo-
mon et al. 1990; Thierfelder et al. 1994; Hengstenberg
and Schwartz 1994), and is also apparently the case for
LQTS. Several families, despite a first localization on
chromosome 1lpl5.5 (Keating et al. 1991b), have
shown no linkage to this locus, and two other loci have
recently been located on chromosomes 7q35-36 and
3p21-24 (Jiang et al. 1994). It is not surprising that
LQTS is a heterogeneous disorder, since cellular repolar-
ization results from a cascade of events implicating sev-
eral ionic currents. Modifications of one of these cur-
rents can lead to the same clinical entity (LQTS).
Our study was performed on a four-generation family

affected by LQTS. Initially, no positive linkage was
found using the technique of RFLP or that of VNTR
revealed with radiolabeled probes. Subsequently, the use
of Genethon markers (Weissenbach et al. 1992) and
other highly polymorphic tetranucleotide repeat mark-
ers regularly spaced on the genome led us to exclude
11pl5.5, 7q35-36, and 3p2l-24, loci as well as -67%
of the genome. Positive linkage was obtained with five
markers located on chromosome 4q25-q27 when LQTS
pedigrees were used to describe the disease locus.
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Figure 4 Ideogram and genetic map of chromosome 4 showing
the location of the disease gene and the four linked markers at 0
= 0. The loci order and their genetic distance are those determined
by linkage analysis in the CEPH families.

Identification of the phenotype is a crucial step when
linkage analysis is used in genetic mapping. This is par-

ticularly true for LQTS, for which the identification of
affected patients is difficult. However, during the past
decade new insights into the clinical profile of LQTS
have improved diagnostic accuracy for this syndrome.
For instance, it has emerged that QTc (at the basis of
the phenotype) is significantly longer in women than
men and that QTc duration overlaps between normal
and affected patients. Furthermore, QTc can be normal
in some carriers of the LQTS gene (Vincent et al. 1992).
It would also appear that the spectrum of clinical abnor-
malities observed in LQTS is larger than previously
thought, and includes abnormal T-wave morphology
and lower-than-normal heart rate, especially in children.
On the basis of accumulated data, the diagnostic criteria

for LQTS were reconsidered by Schwartz et al. (1993),
who proposed a new scoring algorithm to improve
LQTS diagnosis. Using these new criteria, we found that
21 members of family S had high probability scores for
LQTS. The same scoring technique was applied to the
other members of the family, but none reached a score
of 2, which led to their exclusion as affected patients.
However, the algorithm proposed by Schwartz et al.
(1993) may have limitations, especially in families al-
ready identified, since 25% of the score is automatically
attributed for a positive family history. For this reason,
we also applied a more conservative approach to charac-
terize the status of family members with respect to
LQTS. With this approach, 19 members were found to
be affected, and the statuses of 2 members were consid-
ered to be uncertain. Though the LOD score calculated
for the two approaches was different, significant linkage
to chromosome 4q25-27 was apparent for both.

In light of the result of the linkage study, 21 family
members were considered to be affected by LQTS inher-
ited as an autosomal dominant trait. However, the phe-
notype of this family differed from the common one for
idiopathic LQTS, since sinus node bradycardia was
more severe than usual, leading to sinus node dysfunc-
tion (SND), and the T wave was uncommon. It is thus
hardly surprising that the disease concerned a locus
other than the three described elsewhere.

This unusual phenotype raised several questions. The
first was whether LQT in our family was a genetic dis-
ease or the result of SND. Repolarization abnormalities
(acquired LQTS) leading to torsades de pointes have
been described in patients with severe bradycardia, i.e.,
during complete AV block, but not in those with congen-
ital SND (Lehman 1978; Kugler 1991). When 0-
blocking drugs were introduced in our family, the pres-
ence of severe sinus node bradycardia led to implanta-
tion of a rate-responsive atrial pacemaker in nine af-
fected patients. The persistence of repolarization
abnormalities in these patients, despite normalization of
their atrial rate (fig. 2B), clearly shows that LQT did
not result from sinus bradycardia.
The second question was whether bradycardia and

LQT are related to the same genetic defect or result
from two different genetic alterations. Although the two
different loci responsible for these phenotypic features
could have been associated in the same family, it is also
possible that we were confronted with a monogenic dis-
ease affecting both automaticity and repolarization. This
second hypothesis appeared more likely for several rea-
sons. First, we observed a constant association of both
abnormalities in the affected patients. Indeed, no family
members with normal sinus node rhythm had repolar-
ization abnormalities, and all members with LQTS had
sinus bradycardia. If two genetic defects were involved,
the two loci coding for them should have been so closely
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Table 2

Markers Located on q24-q27: LOD Scores for Various Recombination Percentages

LOD SCORESa AT 0 =

MARKERS 0 .01 .05 .1 .2 .3 .4

GATA2F11 ......... -6.03 (-X0) -2.03 (-2.68) -.67 (-.77) -.15 (-.11) .18 (.28) .17 (.25) .02 (.02)
D4S1570 ........... -1.73 (-oo) -2.03 (.95) -.67 (1.5) -.15 (1.58) .18 (1.35) .17 (.91) .02 (.32)
D4S1564 ........... 1.67 (1.70) 1.66 (1.69) 1.58 (1.63) 1.45 (1.51) 1.12 (1.18) .71 (.75) .22 (.24)
D4S1571 ........... .90 (1.04) .91 (1.04) .93 (1.04) .91 (.99) .76 (.81) .48 (.52) .13 (.16)
D4S193 ........... 6.01 (6.67) 5.92 (6.57) 5.55 (6.14) 5.06 (5.58) 3.92 (4.33) 2.61 (2.90) 1.09 (1.25)
D4S406 ........... 6.08 (6.60) 5.99 (6.51) 5.63 (6.13) 5.13 (5.60) 4.00 (4.38) 2.67 (2.96) 1.13 (1.28)
D4S402 ........... 6.49 (7.05) 6.38 (6.93) 5.93 (6.46) 5.35 (5.83) 4.10 (4.49) 2.70 (2.99) 1.13 (1.28)
D4S430 ........... 5.37 (4.89) 5.30 (4.86) 4.99 (4.67) 4.56 (4.33) 3.55 (3.45) 2.35 (2.32) .95 (.94)
D4S1615 ........... 3.61 (4.32) 3.56 (4.26) 3.34 (4.01) 3.04 (3.01) 2.33 (2.80) 1.48 (1.80) .51 (.64)
D4S429 ........... -1.14 (-X0) .83 (1.25) 1.38 (1.78) 1.47 (1.83) 1.25 (1.53) .79 (.97) .22 (.27)

a LOD Scores calculated with the conservative approach are given. Those calculated with the algorithm of Schwartz et al. (1993) are given
in parentheses.

related that recombination could not have occurred. The
hypothesis of a monogenic disease is also supported by
the fact that sinus bradycardia, with heart rates compa-
rable to those observed in our family, is frequent in
LQTS (Schwartz et al. 1993; Kugler 1991).
The third question concerns the morphology of the T

wave, which appeared to be very uncommon, showing
polymorphic features that were particularly marked for
the precordial leads (fig. 3). To date, no studies have
sought to associate a specific feature or a specific behav-
ior of ventricular repolarization with a specific gene al-
teration. However, with the development of genotyping
in LQTS and the identification of genes, it is quite likely
that clinical studies will improve the phenotypic identi-
fication of LQTS.
From a theoretical point of view, multiple abnormalit-

ies could lead to a LQT phenotype. A lengthening of
repolarization could result from alteration of membrane
channels, whether responsible for an inward (depolariz-

Table 3

Maximum Multipoint LOD Scores

Zmax 0 Markers Mapa

5.97 ......... 0 11=5-6-7
6.01 ......... 0 5-11=6-7
6.75 ......... 0 11=7-8-9
4.89 ......... 0 7-8=11-9
4.92 ......... 0 7-8-9=11

aAn equals sign (=) represents a test interval. 5 = D4S103; 6
= D4S406; 7 = D4S402; 8 = D4S430; 9 = D4S1615; and 11 = the
morbid locus. Recombination fraction for these markers are as fol-
lows: .01 between markers 5 and 6, .07 between 6 and 7, .02 between
7 and 8, and .02 between 8 and 9.

ing) or outward (repolarizing) current, or from alter-
ation of regulatory proteins. Recently, Wang et al.
(1995) found mutations in a sodium channel SCN5A
causing LQT3 characterized by a deletion of three amino
acids in a putative inactivation region. This mutation
could lead to delayed inactivation of the Na inward
current. In several families linked to LQT2, Curran et
al. (1995) found different mutations in a HERG. This
gene encodes the major subunit for the potassium chan-
nel Ikr (Sanguinetti et al. 1995), which is the target for
arrhythmogenic effects of several drugs that prolong re-
polarization (acquired LQT). These mutations included
deletion of the cyclic nucleotide-binding domain or al-
teration of the secondary structure of the protein, both
of which could affect the process of repolarization of
cardiac. The alteration of these two genes results in an
increase in net inward current and prolonged repolariza-
tion. In case of an increase in beta-adrenergic tone, pro-
longed repolarization could promote reactivation of L-
type Ca++ channels, thereby leading to early afterdepo-
larizations (January and Riddle 1989) which are thought
to be the cause of torsades de pointes.

In our family, the presence of sinus bradycardia asso-
ciated with a prolonged QT interval could have resulted
from the alteration of a protein involved in both auto-
maticity and repolarization. The candidate area without
recombination is as large as 18 cM, and, up to now,
there are no genes coding for ionic channels localized in
this area. By PCR screening of a YAC contig of this area
with oligonucleotides described by Kamb et al. (1989)
we were unable to find sequences of genes coding for K+
channels. Because of the role of the autonomic nervous
system in modulating the repolarization, it could be hy-
pothesized that a membrane receptor or a regulatory
protein may be involved in this syndrome. A gene encod-
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ing for an endothelin-A receptor has been assigned to
chromosome 4 (Hosoda et al. 1992). It could have been
a good candidate, as it plays a role in the regulation
of repolarization and automaticity (Ono et al. 1994).
However, we have excluded it from the candidate area
by FISH mapping (authors' unpublished results). We
assigned an expressed sequence tag (EST) (clone 81q10,
EMBL F00219, from the "Genexpress cDNA program")
to four overlapping YACs positive for the marker
D4S1611, which is located between markers D4S406
and D4S402. This EST shows high homology with a
gene coding for a rat 6 isoform of a Ca++/calmodulin-
dependent protein kinase II (authors' unpublished re-
sults). This protein kinase II isoform is implicated in
the phosphorylation (activation) of a delayed outward
potassium current (Onozuka et al. 1991) as well as an
anionic (chloride) channel (Fuller et al. 1994)-both
of these being possibly involved in the repolarization
process. The Ca++/calmodulin-dependent protein kinase
II is activated by an increase in intracellular calcium
that can result, for example, from the activation of the
adrenergic system. Genetic modifications of the Ca"+/
calmodulin-dependent protein kinase II could alter the
activation of repolarizing currents that could, in turn,
result in a decrease in a net repolarizing current. There-
fore, the Ca++/calmodulin-dependent protein kinase II
could become a good candidate for the genetic defect of
this family.

Conclusion

We mapped a new gene associating LQTS with a more
severe form of sinus bradycardia than usual. This genetic
defect, as well as those of classical Romano-Ward syn-
drome, might cause sudden death. Inherited prolonged
repolarization, regarded as idiopathic LQTS, would ap-
pear to be a final common entity in which several pro-
teins are involved. To date, two genes coding for LQTS
have been identified. Their identification is of consider-
able value for an understanding of abnormal ventricular
repolarization, which is apparently an important pre-
dictive factor for the risk of arrhythmia and sudden
cardiac death (Schwartz and Wolf 1978; Day et al. 1990;
Barr et al. 1994).
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